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B.i. Pi«t«r Hlnkamp 



THE PROBX^fiai OF BRITTI35 PRACTURK IM MRTALS 



Att«Qtlon tmm b««n foeuaed in recant year* on the all-inport- 
ant aubjeot of brittle fraoture* It ia irall to point oat that if 
there were no oontreveraiee or diaorepenciee In the theories con- 
cerning brittle fraoture# and if the state of knowledge was in a 
fairly satiafaetory condition# the serious epidetaio of failuraa 
in welded ship structures during World War X.X night never have 
happened* Much of the reeent investigation and attention given to 
this subject ate.'ss from this one series of failures as added 
impetua toeerds the solution of one of the most outstanding ques- 
tions in metallurgy* 

Thia paper will be confined to the discucsion of failure in 
the brittle taanner only, and will not attempt to ge into the 
field of ductile failure. It is the author*# intention to present 
in concise fern both the basic fundamentala and the most modern 
thougl:it on this important subject, as well as eome of the current- 
ly controversial pointe* A diacusaion of the modern theorise con- 
cerning brittle freeture will be preceded by s brief analysie of 
the atreaa ayatem acting at the moment of fracture* The effect of 
varleus factors on brittle fracture will be shown later* 

There are four epproecbee to the problem of pr - oMe *- : 
fracture, nenelyj- 

e* Tlie study of the overall features, as evidenced by thw 
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atroaa aystao aetlng* In an affort to datar«lna tba 
condltiona undar whieb tba fractura will occur* 
b* Tha atudy of the netalXur^ical and cbryatallo^aphlee 
atructuraa to daiaroBlna fractura oharaetarlatlea* 
c* The atudy of fracturaa fro* tba laral of atoaa 
and cohaalra anar^iea* 

d* Tha atudy from tho atandpolnt of tbaraodynamica* 
4>eflnitlona »«> 

Dafora approaching the diaousaion of tha atraaa ayate«» def« 
Isltlons of brittle and ductile fracture ahould be aiada in tha 
Interaata of clarity* In either caoCf a broad definition of frac- 
ture aaya that it la the tersinatlon of plastic flow in which 
there ie a aaparatlon of surfaces* Ductile fracture oecura after 
a relatively large aaount of plastic flow by the machanlao ef 
ahesrinc, along tha alip planes, which are generally at an angle 
ef 45* to the axis along which tl:ie maxlnium normal straas is act- 
ing. The appasrance of the fracture la oharaoterlaed as fibrous, 
dull, and rough* Brittle f’raeture occurs after littla or no 
plastic flow, ocevirs along olaavaga plans# within the metal 
c^ryatels, and la charaoteriBed by being normal to the axis 
along which the Hiaxlmua normal stress la acting and is bright 
and ©\rystalllne in appearance due to the many tiny facaie pro- 
duced when the c'krystala are cleaved* PractogTapb work by Sapffe 
on Bi, 2n, and Sb llluatrat# cleaVaga facets at high oagnlflca- 
tlona* 
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-icotagnlipi of 

nino« by tb* «bov« (Saflnitlonii It e«n b« atton that fraotura 
ia inaaiparabla froc plaatle flow, tba aMcbenlaoi of plaatle flaw 
ahould ba brlafly atatad In ordar to fully underatand tha dia- 
cuaalona ralatlng to brlttla fraetura* Plaati© flow ocoura 
althar by allpplng or by twinning* ^ost of tha axparlwantal 
avidenee la with alngla oVjryatala In an affort to avoid many 
evapllcatlng factors* Slipping will eauaa a raorlentation of 
areas within aingle crystals due to dlffarant slip diraotlona 
and, of oouraa, a reorientation of whole eryatala* ihen grain 
boundaries ara intarpoaad between oryatala, flow la intarrupted 
by tba conflicting ellp dlractlona and inhomoganaoua strains are 
sat up within t^ia matal* Thla ia tha chief obstacle to tha 
study of pXaatlo flow in crystal oji^recataa* It baa also bean 
found that inelualons will reorient t!:«Risalvaa to the slip dlraot- 
ion end that fatigue or alternating straasaa will cause slip 
bands Id widen whan plastic flow has been Initiated* Crystal 
•ScTegatea generally offer more resistance to flow than do aln« 

Cle crystals* A further interesting concept Is that ©f tha 
viscosity or the bahovior In the nanner of an amorphous materiel 
in the frain bounderlea* It appears this la a transition 

region where tha atoaa for a few layers are not arranged in the 
crystalline structure of either grain. Slip bands alao exhibit 
this amorphous behavior under strain* 

Anelvala of the Stroaa aystea t- 



Aa an introduction to the analysis of t!3« streas aystew, it 
la useful to assume that tha amount of daforuation th 4 it. can occur 
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twfort flow Off fraetxirA 8«t« in ia datansinad by tba relatli*a 

aaluaa af tha atraaaaa raquirad to aauaa slip, twinning, and 

alaawaga* The racogniaad Interralation batvaen plastic flow 

and brittle fraefeura la'lnca tip tba added faetor ef tha anise* 

t3ropy introduced hv tha plaatlo strain# lon-parfect isotropy 

will imralidata tba asr«o®«nt with tha followlnc theory of 

aCt 

coaabined strasaea, bat it ia to ba noted tbat^tba aaall strains 
aasociatad with brlttla fractura tba anisotropy la not cT«*t# 
Row, in aingla erystala» it la Itcnown that plaatlc fTLow will 
initiata whan tha atraaa, aa raaolrad on tha Blip plana and in 
tba slip direction, raaolTaa a critical valua( tha critical 
flwiar atraaa)# In polycryatalllna eatala, bowerar, it la be* 
liavad that plastic flow occurs whan tha ahaar strain anar> y 
raawhaa a critical valua# This concept aay be axpraasad by tha 
follovrin«^ aquation In which {c^) is tha critical valua and 

and (cij) ara tha principal itraeaas along the principal 
axes (1)»(8), and (3)s 

= (&:- <r,f (a;- 0'S 

It la *^nown tJiat this aquotSon la good for detarainlng tha 
fcwFlanine of plastic flow for aost raetals which will ylald 
h *aosaaaou8ly# Thla equation of V®n #4iaea baa baen substantla- 
tad for the cases of uniaxial and biaxial tanaion but not for 
tua cast of triaxlel tension, due to tha axparimental difficult- 
ies and to acoa uncartaintiaa surrouadlnijj the use of tha notch 
bar Impact fast as a aritarlon# In Ibo case of watals which 
ylald inho oraneously, tha xaxlBUc anaar straaa law aeasa to be 
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obeyed in that yielding will occur when the ataxlmua shear stress. 




reaches a critical value* A complication in this argument is in- 
troduced by Guest in which ho proposes a theory that takes into 
account volumetric stresses* Shcperimental evidence In the fom of 
adding hydrostatic pressure to the normal tensile stresses seens 
to validate his argtiment* This is but one of the many contradictory 
arguments surrounding this subject* 

It should be noted here that the above discussion pertains to 
an idealised material and thus will only apply strictly to s 
small portion of the stress-atrsin curve for which values are 
Icnown for the principal stresses* There is an extension of Van 
Miaes’ theory derived by Hencky, which states that the second 
invariants of the stress and strain tensors are functionally re- 
lated* Ilyushin has extended this principle end shown case solu- 
tions* Prager advises caution in the use of these power laws, 
pointing out important variances between solutions and actual 
test plots* It is not within the scope of this paper to derive 
or prove this statement but merely to indicate the exhistance of 
this powerful tool* It can be said that the intensity of stress 
(<t 7) d,^efinee a quantity whose square, except for a constant fac- 
tor, is equal to the second invarient of the stress deviation* The 
intensity of strain la defined in a similar manner* The 

above values are sometimes also Imown as the significant stress 
( and the significant strain ( g ) and are writtsn as follows: 
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mt»r9 mrt th» 

•train* •lon-i tli« rria- 

Cilpal ajwt* 




Df %0 and np art aonatanta* 



'heaa eouatlona glva a .•’«n«ralisad straaa-atraln rolatiosahlp 
•nich daea not tS-'Dand on tho t*rpa of atraea* 



7bara are twa ot'nar ieportant relatlonahlpa usually aaauaied 
is problaaa of plastic flow. Tbeaa ara; 

a* Tba aatarlal ia incoopraaaibla/ or tha oi-ianga In toI^ms* 
during plastic flow is sera. 

e, -he^ = o 

b. she prlnolpla shearing atrasaas and strains aira proportional* 

^ _ cr^_ err 



(Hooka's Lav) 



ej— 

^Itb ^he fvnarallcad strass-sfcrain relatlonahlpe noted abowa, it 
la loportant to nota that tha alj^nifioant atxniaa and tba alrnlfi- 
eant atraia are related by tha propojrtionality factor (D). '* his 
ralstionshlp «sy taka several convanlant for«a, not hareln notad, 
for purposaa af ealculating spaclfle problems. 



Idaalicad Atraas»;^trein piarrta t- 

7 bo prevloua dlscusaJon leada to the straaa-atraln dla -raaia 
aa datarsttinad for idealiead eaterlals and frs» wnieh aid in 
further dlscusaloa of modern tbaox'ie* and affect* of various frac- 
tors on brittle l>acture >*S5 ba had. It la sufficient to a^raly 
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not* tb« noalnal alrcs*-8’r«lo e'arv* in leacS/ ©rl£:l«*l er**«- 

■•ctlon ar** ( tansllo apeoiaMn ) la plotted against noninal 
a^rain* Tiia typ* of curv* -*lTaa rla* to tb* faolllar drop ©f t'l* 
baa* abapa aa axparionoad with atoala. A aiodifloation of tbla 
aarly curva la tlia plat of trua atraaa^ load/ actual croaa-aaotlon 
area at tha Inatant of iaaaaur* 2 nent« va trim strain * which la *x- 
praaaadl aa followwi 
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• ha abova typo of curva la known aa tha trua otroaa-atraln curva 
©r jor* proparly aa a flow curva. The «s*tl}^atlcol exproaalona 
f'ravioualy noted ganarally apply well to the elastic region, but, 
whara the prohlera of necking la encounterad, the complex atraaa 
ayetaoi and the Don-unlfor« daformation caua* tba altuatlon to be 

i.waaasuraa'bly cofspllcatad • 
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Ludwlk»« Theory ! » 

In b«^'innln.* the dlecusslon of the verloue ti'Moriee* tl>e 
Introduction of the flov eurve ebove leevda to the diacuesion ef 
ljudvlk*a theoriea end hia poatulation of e fietltioua fracture 
eurre* Hia work baa been the baala of a ^reat deal of roaeareh 
and thovirht on thia matter particularly by Holloaen In recent 
years. The flow curve, per ae, waa originally recognleed by 
ludwlk aa possessing r?reat poesibilltiea for the interpratatlon 
of the matt^^:atleal atatasienta. It la to be remembered that thia 
curve eppllea to idealixed materiel end thua requires a oorraot- 
Ion factor if it la to be used directly for any real material* 
ceveral people, notably Brid£*eBan and Davldenkov, !:Miva attempt- 
ed to find suitable corrections to bring the plaatle re/ Ion of 
the curve down to meet the actual curve «a determined from ex- 
peri.%enta. They have been more or less aucceaaful* 

Ludwlk conceived the idea of a fracture etroas curve which la 
baaed upon saying that the fracture atresa juat before a metal 
fractures is greater then the afcreaa required for plastic flow 
and that thia fraature stress is dependent upon the prior deform- 
ation which the unbroken metal had gone through. It can be seen 
that a fracture atreaa and a flow curve must be determined under 
different external conditiona. I^udwlk poatulatea fracture es oc- 
curlng when flow curve Interaocta the fracture curve as seen 
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\hm (Tealtiit for the use of a fracture eurve^ 

elfcboufb !• i« • fletliloue concept, ie its Inherent ability to 
explain eonTenlently oany different effeote on the fracture ef 
uetale* The Tarioua effeete are noted ae ralelng or loeerins 
Ibe fl w eurve, the fraotiire curve, oz* both* 

fcoXloce? hae pointed out that tiier© ney be a igreat effect 
due to anleotropy of the setal atruetore aa eauaed by prior 
tefoz*MtiOQ* !lhia point haa not been eufflcicntly Invest l^ted* 
lecture etz^ae acelyaee cade with notched tensile bars have been 
recently mm&e by MeAdeia, In which it it esauaMid tbet fraeture be- 
;?lne in the center of the bare* Heaulta cen be Interpreted ea 
applying triexlally in which fracture atraaa la ahown to inereaae 
with incraaaln^: triaxlallty* This la further cooberated by 
expcrlcents perforaed by Sacha. In this case, the fracture ciirvw 
riaea, but, at the ee«e tiae, the flow curve ie alto ripinf at a 
.•reater rate, which eseentially reducea t\im atreln needed for 
ftweture although tbe atress is ralaad* Tbia aervea aa one ilXus- 
tretlen of the use of flow and fracture ciirvee. iber© bat been a 
rreat deal of "jy^tta Sra a criticise of these curves, but \lt is de- 
sired to eaphesise tliet they seahe no attempt to explain the whole 
phanewenon of fracture but eerve as a useful tool end as such 
should not be overloekad* It should be further espheelsed that 
the fraoture carve is a fRUcely flctitloua concept. 

Sternberg has replseed the linear expreaalon of naoke*a law, 
previously noted, with a general second order approximation 
which assumes non-linearity within tbe eleitle ran^^. Hia reaolta 
aho« definite second order effects. In particular, where such 
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ea o«s« iron and oonarata ara ccmcarnad. oiernbare*a 
■arv i« oas«4 an Voigt* a fiv« parsiaator theory in wniob tba 
•laaaiaal axpraaalon af Hooloa^a law la llaltiny eaaa« It ia 
Oollavatf it^t thia tl>eory of non-llnaarlty within the alaatlc 
aay well explain tlsa hafflin£; I>ahayior af oaat iron aecordinc to 
aoQvent tonal aolutiona* 

aloro*j!Pflck 'ihaory a* 

strength* as applied to aiatali baa a vary d^'flnita ataaningi 
a* Heaiatanoa to flow* 
b« Heslatanea to fraotura* 

'be fi*actura atrength ia vary sjoch aoro atruetura aanaltiva than 
tha fljw atrength, which la as important factor whan conaidarlnf 
tier capacity to defoirm and to ebaorb enargy before Tract 'ora.CloaalJr 
rolatad to tm above is tlia structure aenaitivlty of the cohaslva 
a*r«mrth in 'ad^lch it ia knoim that minute taper fact Iona or even a 
praclpliata will induce brittle bobavlor. This isitroducaa tha wall 
knawa «lero-oreck theory. 

'‘n^a of Mii moat intriguing eapaota of the wholw problaa of 
fracture and the one which aay bald tha key t© ultimata ex- 
planation of tha p^ienomanan la tha effort to explain why the 
actual strea^/of owtala la ao low w^n by aalculatleni based on 
tlw ooiwslve s^ranyth batwean etooa end Isttica planaa the frac- 
ture atranrth abculd be frow one hundred to one thousand tiaaa 
•Teatar. In a general way, the aloro-crack tiieory atta*pta to 
explain ”raat dlacrepanoy by aoylng that there are tiny 

crec'rs within the cr-^atal »<rueture o** the oaial wfilob act os 
a’reaa raisers end thua corjoartrete t>je stress ‘4ndcr conditions 
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of restraint to the point that the fracture strength, in a high- 
ly localised region, la exceeded and fracture Initiates at a 
stress very much lower than that predicted by the cohesive 
strength of the atomic bonds# 

Griffith has worked on this problem from an Interesting 
point of view and his ideas have formed the basis of a great 
deal of recent work* His fundamental concept Is that. In a 
solid, the boundary surfaces possess a surface tension which 
implies the exlstance of a corresponding amount of potential 
energy, and If, due to stress, s crack is formed or sn already 
existing one Is extended, sn amount of energy proportional to 
the area of the new surface formed must be added and this must 
be done without any increase in the total potential energy of 
the whole system* This new energy must come from the decrease 
in the potential caused by the spread of the crack* These two 
energies must be bolsneed for the crack to propagate* Based on 
this reasoning, Griffith derived sn expression for the fracture 





Where— 

j S Is the surface energy/ unit area 
J E " " modulus of elasticity 

j|r" ” length of the crack 
" constant 



There are tliree assumptions that shoiild be mentioned; 



1* The material la perfectly elastic* 
2 * The distribution of cracks is such 
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tbat thera la no '•mtual Interfaranca • 

3* Tha atata of tl^a straaa is tt»o-dli»anSlenal« 

In usinff abova aquation it ia furthar aaaaaed Hiat tha cracks 
are plana aiaea, parpandleular to tba axis of tha apaclnan* 

-rlfflth carried out his exparlajanta using glass rods of 
varying thickneaaes. a)ith axtramoly thin glass rods he was able 
to attain a strength of about one fourth the thaoretloal but 
when he used the slightly lai’cer rods bis strength fell off 
rspidly. This brings up the size effect which will be discussed 
Ister* His ideas relative to the effect of dafeets in causing 
fracture can, hewever, be applied to cietals. Aaauralng the pre- 
sence of the defects, when a meta^l Is strained In the plastic 
i^eglon, the defects will reorient theasselves If they are plete- 
like so that less strain energy will be relessed by their propa- 
gation and tba atraas at which fracture will occur will be raised. 
Another concept is that, ae the defect is rotated away froa 
being perpendicular to the axle of a trees, the stress concentra- 
tion at the end of the defect becomes less and the defect than 
has proportlDnally leaa effect on lowering ts-io fracture stresa. 

Zener theorizes that t}~ie grain bounder lea of metals sx^ 
perfectly homogeneous but have leaa resistance to slip than ths 
interior of the grain. Wlwn a strain ia applied, a stress con- 
centration is sat up In the grain boundaries due to tl-sa Inhoao- 
geniety of tbe strain and he then believes that ibis may Issd 
to sufficient Internal energy to propagate craeka. It should be 
remembered that the defect causing fracture la the one producing 
the largest stress concentration. 
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Th«r# *r« oritlel«»« of th« Blcro-erack tb«ory which •hould b« 
not«d; 



1* It smst be atauaed that the weaknesses occur In a 
fairly regular fashion. 

2. If stress concentrations are involved In the 
fracture process they could not alone account 
for the low shearing stress values for allp* 

Stikticsl Thtory:- 

" " " "I t 

Ihero are several observed facts which are fairly well known 
and which have led ts additional research^ aoae of it along atat* 
latlcal lines. ?fith steels, the component of the metsllurgical 
structure that controls the fracture stress Is the slss, shape, 
and distribution of the oiirblde particles. When the carbides 
sre speroldlsed, for exsmpls, the fracture stress Is consider- 
ably raised, due to tlie lowering of the stress concentrations* 

It Is also known that the fracture streaa dependa greatly upon 
the prior deformation or strain and tliat the shape of tlie fracture 
curve varies widely* 

The slew effect, as previously noted. In tbs work of Griffith, 
has s vsry Important bearing on the fracture atrengtb* The ob- 
served facts are that, at the specimen slss is increased, brittle 
fracture will occ^Jr with less unit stress and with less work per 
unit volume required to propagate the crack. These facta led to 
the statistical analysis by Rusrk of crack distribution and 
density as well as the study of the number, type, and distribu- 
tion of inclusions per square inch of etched surface on steel* 
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An intersttls^ coaun«nt In Ruark's vork expraases the baliaf that 
tha influanca of tha e;<»naral pattarn of atraaa ralsara la tha 
oeat potant faatar avallabla for axplainlng otherwise Ineompra- 
henalbla variations in tha behavior of different beats of steal* 
Dsvidenkov, in working with plain carbon steals » found that a 
threefold Increase In all dimensions does not give a thrwa-fold 
increase in the energy required to break under impact but 
rather only about htilt the expected value* He further found a 
greater tendency towards brittle fracture with large specimens* 

Be showed tlist the sise effect is not connected with the velo- 
city of testing and thua he based hla experiments on the notch 
bend test rstber than ^ths impact test* Dsvidenkow stated that 
statistioal theory is the only way to explain the else effect 
and he based his work on the statistioal mat hematics of lelbull, 
who established the dependence of strength on the volume of 
the specimen* 

Velbull pioneered the statistical approach to the problem 
of fracture and all Jeter work Is baaed on his fundsmontals* 
Briefly, statistical theory as related to brittle fractvire says 
that brittle failure is determined not by the value of the ave- 
rage stress but by |rhe value of the local strsss at the locus 
wiser© the most dshgerous structural da feet or flaw Is locatsd* The 
apeelmen is considered to be a sot of volume elements of vary- 
ing strengths connected In series, the distribution of strength 
values along tha series lielng according to probability (random 
distribution)* The larger the whole piece, the weaker Is tt» 
weakest element or rather tlie probability of hevlng » n extreme 
value of strength is greater when a large number of elements 
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it ust^» Wtlbull ntt«d that th« dltptraien in weaturtd tcnalla 
• trtn^bt raquirad • distribution function to ■oamiro it* Tbo 
statlstleal orobloai is tha ona of dlatributlen of tba r& 4 illest 
valua in aamplaa of alia (n) dravn from a population having assM 
probability density funetlan, f(3t)* Tl» probability of ruptura 
(S) at any grlvin dlatrlbutlon of atreaaat {a^) over a voluawCV) 
ia$ 




vhara n {cr') la a eharaetariatio function of aaeb mtarial* Thia 
allava for a calculation af tba affaot of troluma on tha tanalXa 
atrangtb* It ia to be notad that tlsa flaws art aaau&ed to ba 
randoaily dlatributad tlirougb tbs spaeliaan snd that sscb flsw is 
indapandant of tba othar. This tbaory ia good for aj^lsining 
brittle fracture only, and even than askaa no effort to explain 
tba entire pbanoaanon* Tba following curwa ahowa qualitatively 
how tba atrength of tlTe apacloan variaa with tba nuabar af flaws 
per specicsen and tlialr fraquanoy of oocurancej 
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Fisher and Holloaon have pursued this statistical trend in an 
effort to ehev the effects of strain rate» slze» and structure* 

• The fracture of a real material can be InYestigeted theoreti- 
cally only by idealising both the strugture of the material and 
the method of fracture* The idealised model selected for anal- 
ysis can be Justified and accepted as a valid repreocntatlon If 
the results of the theoretical analysis are In agreement with 
the observed facts. •••” 

The above quotation characterises this work, which again is 
based on Weibull’s fundamental statistical analysis* ThAlr 
assumptions are: 

1* The structure is an alastic solid containing many 
cracks * 

2* The cracks are thin and disc-like with elliptical 
cross sections* 

5* The cracks are orientated at random* 

4* The cracks are separated on the overage widely 
enough so that there is negligible amount of 
interference of the regions of local distortion 
which surround each crack under elastic strain* 

The raatbematics will not be presented within this paper but it 
is sufficient to point out that the normal laws of probability 
and statistical analysis were followed* 

The results of these very interesting stetlatloel analytes 
into brittle fracture give means to calculate the effect of 
specimen sisc on the fracture stress, predict the scatter of 
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fractur* atrasa Eaaaaurettaata ( ahowa ahan chance csuaea are oper- 
ating) and caleulato the effects of comhined atreea and plaatio 
daforatation* It is to be reo^eabered that thia analysis ia based 
on the assintiption that fracture in aolid sDaterlala ia cauaed by 
the preaence of randofaly oriented defecta havlnjtj the properties 
of craeka* A^eaesant with known facta » and in partloalar with 
the prerloua work ef Griffith la very good. When ttsere ia a coat- 
preaalTt pre-atrain the fracture atreae is observed to increase, 
this la in disagraacient with Hollosten and Flaber*a work and 
aerloualy andangera the lalcro-cpack theory# 

?her«sodynatLle or gnerry 7heory ?- 

A number of yeera age, Purtb advanced a theory relat- 

ing the tensile strength of raetcls to t!^ melting of erystala 
but tiiare were several aerlous objections to bis work, namely 
that there were n© provialon# for the effect of plastic flow, 
alloying alementa, or heat U'catisent. Another objection was 
that his theory was impossible to check precisely since it ap- 
plied only to laolrropie bodies that remained coapletoly elastic 
up to the point of fracture. It ia highly doubtful that this ia 
the case since all fracS^xired sarfacea show evidence of some 
plastic flow, ftaibel has taken the fundeipontal idea of x*elatlng 
fracture to the aeltlng phenomenon but ha has developed a 
diffarent relationahip that alimlnatea the major objections to 
Purth»a work. 



Saibel»8 tEiermodynaaic approach contains three basic 
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■asumptlons:- 

1* All of the strain anarcy is available for the 
abolition of cohaalva strength* 

2* The heat of fusion is unlfoiraly partitioned 
throughout the voltuae occupied by the sub- 
stance • 

5. The quantity of energy required for the 
about loh of cohesive strength is equal to 
the fractional change in specific volume as 
the material passes from the solid state to 
the liquid, multiplied by the heat of fusion* 

Salbel»a critical condition is expressed as folloaoj- 

« = T Lm 

V 

where : - 

u is the strain, energy / unit volume. 

Lm. is the latent heat of melting / mol 

is the change in volume of one mol of the sub- 
stance on passing from the solid to the liquid 

state* 

V is the molecular volame In the solid state at 
the melting point. 

y is the conversion factor to make the units con- 
sistent. 



It is further noted that the fracture testa are not carried out 
slowly so there is no leakage of energy in the form of heat out 
of the specimen and that the change in volume on melting is due 
to the formation of " holes « as based on the lyring model of 
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the liquid etete* 



In using the theory, the following fora of the energy equa- 
tion is useful since It can be conaider4d that,' after plastic 
flow has occured, the elastic energy is negligible, as compared 
with the energy of distortion, and 



where (<r') and ( e) ere the significant stress and significant 
atraln. Purthar, the relation prevloualy noted 

/re’" 

gives s convenient issans of actually eslculatlng desired values* 
Making use of the above noted expreaaiona, lalbel performa cal- 
culations for the case of pui*e brittle fracture and fracture 
preceded by plostlo flow. The fraottre atreaaea ( ) as calcu- 
lated abow good agreacient with actual values and Salbel atates 
that the agreement is good enough for c purely brittle case and 
thus no need exists for the .micro-crack theory. The dlscrepen- 
cies ere due to inaccurate thermodynamic data to a large extent* 

I It is also desired to point out\that there is controvoray sur- 
rounding the important point of whothor purely brittle fracture 
I la preceded by some plastic flow. Saibel says that there is always 
aoao plastic flow prior to fracture, even if it is only a few 
atom layers in extent. 

The Relaxation Phenoraenon i- 

It eon now be seen that thor^ias been a graat dlfforenca of 
opinion and ideas surrounding this problara of brittle fracture. 

It ia a well known fact, however, that the prorresa of scienti- 
fic knowledge is measured by the controversial nature of argu- 
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aenta until coneluaive ond indlaputabla avldanea la praaantad 
and aoeaptad* Aa a furtbar aaasura of tbo unaattlad state ef 
effaira in tMa field » Zener baa attaekad fracture fron tbe 
atandpoint of the relaxation pbeno:oenon« which la in atriking 
oontraat to previous ideas* 

Since relaxation la tied up with anelaatieity, tbe recovers^ 
ef plastie deformation with tine, a true atreaa-atrein die^ea 
will illuatrete the over-all affactat- 




It le to be remembered that elevating the temperature, even 
alight ly, for moat me tele will eliminate cnelaatio effecta and 
allow racovery aftar tbe etresa is removed* It has been believed 
for e lonj time that tbe anelaatlc effecta were due to a region 
within the metal behaving in a viaououa manner* Crrain boundaries 
and slip bands are tlie regions which will obey tbe laws of 
vlacuoua behavior* The following aketchea eorve to show In prin- 
ciple what happens within the crystal* Assume that the heavy 
lines represent a viaououa slip band within a lattice i 
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Lead* no relaxation* 




Load removed* no relaxation* 
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Tiote th«t th« 8tr«sa conoentrations at th« corner* can be very 
heavy and can enly b« r«B40ved by relaxation or fracture. Zener 
bee ueed thia pbenoisenon of relaxation to develop a theory 
which will allow a prediction of the fracture atreae. 

There ia conalderable doubt ea to whether grein boundaries 
should ba conaidored at all in atteapting to work out a theory 
of brittle fracture. Thie is another Inatanco where the eontro* 
veray ia intense end fer fraa being resolved. 

Mechanical Teating t^ 

Since the proof of eny theory lies in the effectlvenea* of 
ite predlctiona> eotae raention should be stade of the jreana by 
which the predictions are tested and their relative -erlts. JSa- 
aentlelly there ere four teataj- 

1. Siuple tension test. 

2. Notched tension teat. 

3. Notch bend test. 

4. Notch iapact teat. 

There la also the torsion teat which ia normally not applied to 
a atudy of brittle fracture. 

The simple tension test, when used for data on brittle be- 
havior, hardly rieeda any comment, being familiar In a more or 
leas degree to all aetallurgiata • It mey be noted, in passing, 
that the complex stress system caused by necking down is ,in 
general, a negligible factor In brittle fracturw but extremely 
Important in analysing ductile behavior. 
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When the tensile (normal) specimen is notched, a new and very 
different situation applies. The effect of the notch is two-fold. 
First, it serves to reduce the cross-section area and, second, it 
acts as a stress concentrai;tor. There is some controversy over the 
effectiveness of this type of tensile specimen. The greatest 
difficulty in the proper interpretation of the data, due to the 
factors of size effect, stress concentration, and lack of know- 
ledge of the stress state. 

Since notches are being used more frequently, a brief explan- 
ation of their effect npill be useful. Notched are introduced for 
the purpose of setting up a controlled condition of stress concen- 
tration and also to atterapjr to set up a condition of multi-axial 
stresses in an effort to study fracture and fracture stress under 
multi-axial loading. Gensamer has dorue deal of work in 

attempting to resolve the difficulties and to correlate the data 
(notched) with each other and also with the simple tensile test. 
Neuber has developed a series of nomogram® which give the stress 
concentration factors for the elastic state. It is to be noted 
that the severity of the notch is mpst important., a sharper 
notch requiring less energ y to initiate a fracture. A stress 
concentration cvirve will show the magnitudes of the stresses at 
the notch. Note that the amplitude falls off rapidly and that the 
stress level away from the vicinity of the notch is leas than if \ 
there were no notch. Als6 note the relative amplitudes of the 
multi-axial stresses. 
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Th« probl«a of correlation of the various teata has progressed 
to a satisfactory state generally and the choice of tost will de- 
pend upon the relative ability to show desired cbaracterlatics* 



The notch bend and the notch Isapact tests are often used when 
totting brittle behavior, aapeclally the notch lopact test* The 
natch i»paot test allows for s fait rate of loading not posalble 
in the normal tension test* As will be seen later, this may be 
an important factor* Duo to the extensive work on correlation, 
confldance in notched testa has increased somewhat* 



Influence of Ywrlous Factors 

From tlmo to time, mention has been made of the fact that 
fracture strevigth varies according to the influence of various 
effects* The influence of sise on the specimen baa alraady baen 
dlaeuased with the developement of atatiatlcal approach by 
Welbull* In an engineering sense, the effects of various factors 
can be far more important than tlie basic theory. Unfortunately 
the over-all influence of also effect, temperature, strain rate, 
and other factors can not be well established until the precise 
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MOtainisfi of brittle freeture is fully underetood* Ditpite tlie 
letter dr««beok» • brief discueeion of etch feetor should be 
code* sleng with an oxplonetien of the pheneaenen when known* 

llae Affect I - 

31ee effect, although sjentioned previously, is known to be 
the lowering of freettire stress and tbti required to 

propagate the fracture, when tbe else of the epeelaen la In- 
ereeeod* ’^his is, niost epparant with steel and both Davlden- 
kov and flaher and Ilollomen have used ffelbull*s etetistlesl 
methode in an etteapt to find e euitable explanation of thie 
phenomenon* Btae effeet le, by Its vary notura, oloeely allied 
with tlie dletributlon of pertlclea, each ee eerbi<te», and their 
shape wltbln the etrueture of tbe metal* This is extremely Im- 
portant when consider log the design ehereetorlsties which ere 
beaed on the test reeulte of amell epecA;3»ns* There ere two 
seperete effects under sixe effects 

X* The greeter stetlatical probability of finding a 
defect or elgnlf leant stress reiser in the micro- 
struetin^ in the larger else* 

8* The induced stresses due to restriction of etrein 
in large sizes* (condition of restraint ) 

the aocond eeparste effect is of the utmoet Importenee In the 
deelijn of structures . fjensamer summed up the diffleultlee duo 
■0 size effect by postulating that the else effect is <fue to int 
blllty to scale the fine micro-structure with the speclnen eize* 
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Cosplex i'tress 

It ab&uld b« neted that It la •xtrtMly difficult, if not 
lapocilblo, ts ocporat* eoapletcly th« offecta, onv froai anothar, 
that tha varloua faotora have upon brittle fracture* fhen one va- 
riable la cbanjed visually anotlier will change, but uncontrollably* 
kn attempt, however, will be made to present the feota as beat aa 
they are ’niown, keepinj^ in mind the interdependence, which is *n- 
•voideble • 

Co-i-lex etreasea are currently the aubjact of a great deal of 
work in which McAdaai haa been prominent* In a broad way. It ia 
known that biaxial and trlaxlal otreseaa will reduce the ductility 
of metala* ihe effect on fracture atresa is still being argued 
but it seeas that the fraoturo etress is raised irhen triaxielity 
la incraased* Thia fact hsa been borne out by HoAdam and by Sacha* 
Ptrhapa •Uw atate of affelra can b* partially understood when It 
is realieed that oondltionc of Ejultl-exiel straaa are p>btalned ^ 
alther by notches or by some attempt at direct biaxial atreaa 
ayatama, using clamped down diapbra^pwi or tubea, pulled in ten- 
eile machAnia* Compsrlaona, particularly In Inveatlgeting duct- 
ility, ere oftaa made with nornal, nn-notcii*d tanaile apecleens* 

An interesting postulation made by Jellnek le thet there may be 
two criteria for the fracture of e single jpetelj maxiaum shear 
atraaa and oaxiaura tenalle atreaa* Praoturo would occur when the 
ooat severe condition ia reached* •Thia is auppossd to explain the 
behavior of cast iron, but them it is to be remembered that Stern- 
berg explained the seme beffling behavior of cast iron bjr a non- 
linear form of Rooke’s law* This is sufficient to show th»*t there 
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la llttla or no r« liable data upon which to base any da finite 
oonclualons, otliar than the apparent reduction of ductility 
under complex atreaaea* 

Effect of Prior Strain;- 

There have been aeveral fairly recent Inveatigationa into 
the effect of prior strain on the fracture strength. Sakharov, 
in Kuaala, and nolloaeon and Zenor, l^iere, have shown that, in 
the particular case of pearlitic ateel, the tensile frectiire 
atreaa must decrease with the first small amount of deforsatios. 
This la shown by the speeimen fracturing at a lower stress than 
the yield atresit In addition to this effect, their work corro- 
borates the early postulation of a fracture curve, as made by 
ludwik. The stress required for fracture was abown to increase 
with Increasing atrain. Bridgeman applied hydrostatic pressure 
to s tensile apeoliaen under tension and it was found that the 
fracture stress was raised* His work tends to substantiate the 
micro-crack theory of fracture in that there may be a sealing 
up or welding up of the microcraeks under the hydrostatic pwea- 
sure which would, according to that theory, raise the fracture 
strength. Salbel has explained the effect of prior strain on 
fracture from the standpoint of his thermodynamic theory ef 
fracture. His results agree well with tlie meager experimental 
data available. The atreasing cycle used by Saibel is noted on 
tbe next page*- 
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1* B»t»l l8 pre-3tr*in8d « given aaount at rooa temperature. 

8* tlie temperature la lowered. 

5. the apeelBMia la pulled to fracture* (CJRRS) 

The final atatua of knowledge to date allows for a prediction of 
the effect of prior strain by -atm of the micro-crack th^eory and 
energy o one Ide ret ions along with tlie effect! of mloro-atructulje. 

Effact af Cyclic Eoadingt- 

’he queation of the effects of cyclic lotdlnc or fetlguo hae 
been atudled from the engineering viewpoint. There la a .^Tfeat 
deal of data available on fatigue atrengtha and endurance limits 
but very little of it delves into the fundaaentals of the situe- 
tlon. A little work has been done reletivw to tlie dissipation 
of heat produced as a result of the alternating straining with- 
in the netal. This isay tie in with the current theories regard- 
in'’ tlie viacuous reglona ejslsting at ’rain bounderias and with- 
in allp banda to glv^a a coherent picture. Another unresolved 
effect ie that of preatrainlng on the fatigue strength. Tiiere 
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•r« 0 OM olalM tluat ia aaraly atrain fcairtSaoin^ up to tha 

fractura paint. ^aWan as a ar.ala, it can ba a«an ttw« thare la 
»uch work yat to ba dona on <bia particular factor, '^'bm orar-all 
affact^^Sf boaa'sar y to raduca feba fractura atran{jth aa tha ouabar 
of cyolaa Incraaaa 

gffaot of Strain Hatot» 

atrain ratao, or ttm dynaala conditions Involwd, bara aoaa In 
for a ;?r6at deal of attantlon. Vhera ara t^o wldaly dlvar^ant atrain 
rates of Interoatr, naaaly that rata juat above balng atitla and 
rataa approaehlng bolUatio -TOlooltlaa. Aa a alda llna to tha ra« 
aeareh on strain ratea, aona Intaraatlng work has boan dona 4a 
tha atrain wave preparation tbroagh aetala. Jrlafly, It ha a bean 
found that tba affect of atrain rate at norwol spaada of taatlng 
are not algnlfloant end are unl^nportant. »il<en atrain rates ap- 
proaching ballletlc valocltlea arc anoouaterad, that strain rata 
la very Inportant^ since tba Incraaaa In tha flew atreaa stay waka 
It approach the fracture atreaa end thua cauao fallura. The elas- 
tle waves aay also reach fracture asirnltudaa ahead of tha plastlo 
•train waves and thus cause brittleness. 

hollo«Dn snd Saner have st tempted to derive an interrelation 
between strsln rate and tewperatura as they affect fracture strength. 
It is known ttiat decreasing tl5« tenperatteNi end raising tba atrain 
rata Increase the stress required for <Vaottiro. n bla brings up 
tha question of applicability of the maolienloal equation of the 
state of brittle fracture as ▼ell as to duotlla fallura or flew. 

This particular cori'slation for the case of brittle fracture la 
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oot •• well •stabllshod •• it is for flow* 
rfftot of Tomporaturo;- 

A ao»t l®portsct facto® rogardlng fracture atrangth la tha 
tetaparatura of fracture* It la aignifleant to note that a alngla 
•atal* such aa paarlltla ataal« can ba made ta babaaa In either a 
ductile or brittle laannor sAlaly by tomparatura variation* Early 
work by the Huaaiana atteapted to desaonatrate that tha fracture 
atrength vaa independent of ta»perature« but tl^y tMglected tha 
lacortant factor of strain rate, which baa bean diaeueaad above* 
Present work Irma a hewn that fracture streagth Inoreaeea with a 
Oecrease In temperature. Departing a «o«ent fro« purely brittle 
behavior. It la daaired to point out that the flow stress de- 
creases aa the temperature is raised until, at the rselting point, 
there la no yielding stress* The flew atz^aa Increosea with a 
reduction in temperature but at a ooj?e rapid rate than tiie frac- 
ture stress, which allows for fracture at leas deformation* This 
can be shown grapbically on a true streea-atraln curve* It ia 
Interesting to note that the type of fracture ohangea from a 
^ranscryatallina to Intercryatalllna typa aa the melting tempera- 
ture is approached* Hollomdn reports a similar behavior at vary- 
ing strain rates; feat strain rates preduclng tranaorystalllne 
fractures. There is little or ho work In the field of combined 
et-resses relative to tlie effect of temperature on brittle frac- 
ture and, in c^nertl, osore work should bo done to try to isolate 
co-ipletely the temperature effects and eliminate the contreveraiea 
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b«yond c doubt. ho following chart showa the ovar-all affact 
af tanperatura aa eurrantly accaptadt 




Tliaaa eiirvaa also servo to illuatrata bow any factor that cffacta 
aithar the flow or fracture curve will affect the ductility and, 
conaa(j[uent ly ^ the brittle behavior* It la to be raracai bored that 
some factors move bpth ourvaa In the same direction but at differ- 
ent rates* Thus it can be seen that the true Streaa-atraln curves 
are very helpful in studying over-all effects, especially for 
engineering application* 

If feet of Structiirej- 

The effect of structure baa already been touched upon at eevar— 
al points, mostly during the discussion of statistical analysis. In 
addition to the carbide particles mentioned, the precipitate fora- 
ad in age-hardening alloys may have a somewhat alailar effect since 
an embrittling is known to occur in these alloys. A artenaltic 
structure poasesaes a very high fracture strength, even at low 
temperatures, when it is tempered and it is generally recognized 
ts being tl)c most desirable structure in steals where low temper- 
at^ire impact properties are required. The effect of alloying 
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olOMQtt a&euld o«t b« orarlooksd, sine* it Is trail known that 
solid solution hwrdsnlBf. Itas s de finite sffsct in raising ths 
fraoturs strength* Kiolcel if soeewhet beneficial in aiding low 
tesiperature impaet strenctb* A^in, 'sore good work la required 
along these lines to attempt to pin down the influenoe of struc- 
ture (and oomposltlon) frem a fundamental basis* 

Ke statement 

7bls paper baa followed the problem of brittle fracture in 
ostals from the logical beginnings In msobanlcsl metalltirgy^ 
where the basic engineering metbematical expreeslotie were shown 
througjb several controversial wubjscts (theories} and, finally, 
the effects of various factors on the fracture strength were 
briefly reviewed* It depends on one's viewpoint, les research or 
tnglneering, to detesmiine which part of the dlacviaslon la moat 
applleahle* that the subject is Important Is an acknowledged fact 
end it Is, all toooysparent that there la a g^^eat deal sore work to 
be done along all phases of this problem* Fortunately the work is 
being carried forward* 

It should also be pointed out that, at this time, it cannot 
be said which theory la tlio precisely correct one or what Is the 
correct mechanism of brittle fracture* There is too much con- 
flicting information and It «3ust be remembered that the connect 
theory aust agree accurately with observed facts and, furthermore, 
I must be able to predict behavior baaed on a few experimental 
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calculations. No tliaory yet presented can fulfill all the 
require tnent a. Hoirevor,eaoh theory and Investigation, no 
matter hour small, has added something to the general over- 
all picture. It is Juat a matter of time and effort until 
all the pieces of the puaale will fall into place. When 
the theory fts complete and known as a" law of brittle frac- 
ture", the engineering benefita will be imnenae and vast- 
ly Important. 
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